We propose the design of a Silicon Photomultiplier at the 180 nm GLOBALFOUNDRIES BCDLITE CMOS technology node. We perform a characterization of the device, in comparison with other results obtained a CMOS technology node and we investigate the limits and strengths of this approach. Finally we show possible future applications of the SiPM in Nuclear Medicine, in particular to digital positron emission tomography systems.
Introduction
Low photon flux sensors are specific devices dedicated to the detection of a small number of photons. The classical example of such sensors is the photomultiplier tube (PMT), which was dominating the field during the last 70 years. PMT were broadly applied to high energy physics, nuclear medicine, space applications, among others, despite their complicated manufactory which includes vacuum technology, high bias voltage up to few thousand volts, large and not scalable size [1] .
The advances in semiconductor technology during the last 20 years were beneficial for the development of modern light wave and telecommunication systems. The avalanche photodiode (APD) is currently one of the most spread semiconductor-based photo-detectors for low photon flux. APD allowed to study fundamental properties of the light in order to improve specific applications in photonics, including quantum coherence of multi-photon states and decoherence among others [2, 3] .
PMT, APD and low photon flux sensors derived from them have a strong limitation. Their sensitivity to the detection of a single photon is affected by a large statistical fluctuation in the signal generation and do not allow de facto an efficient disentangling of single photon states.
In the late 1970s a new sensor, later known as silicon photomultiplier (SiPM), was invented [4] . It consisted of a space-distributed fine array of metal resistor semiconductor (MRS) microsensors with individual quenching and common output. Since then, a large number of groups contributed in the development of the modern SiPM, which is nowadays commercially available and started to substitute the PMT in the above-mentioned application fields [4] [5] [6] [7] [8] [9] [10] [11] [12] .
Modern SiPMs are composed of an array of p/n junctions (microcell) operated in Geiger mode. A single photon interacts with a microcell through the photoelectric effect and generates an electron/hole pair, which initiates a self-sustaining avalanche. The quenching is realized passively with an integrated resistor in the microcell.
In parallel the similar technology of the single photon avalanche diode (SPAD) was developed [13] . The SPAD is a single photon detector operated in Geiger mode. Its optical sensing part is equivalent to a microcell of the SiPM. In addition the layout of a SPAD includes integrated active quenching electronics components [14] . In other words the SiPM is equivalent to an array of SPAD-like microcells with passive quenching.
The current advance in the development of SiPM and SPAD is represented by the complementary metal oxide semiconductor (CMOS) technology. The implementation of SiPM and SPAD sensitive cells in standard CMOS technology allows the combined integration of sensor and read-out electronics on the same device, with a significant reduction of power consumption and simplification of the operational conditions. In recent years a large number of advanced digital imagers and innovative concepts for light detection were proposed on this basis [15] [16] [17] [18] .
However some drawbacks of the application of the CMOS technology to photonics sensors operated in avalanche breakdown mode were identified in the last few years. CMOS processes introduce a higher level of noise and lower photon detection efficiency, with respect to customtechnologies .
Among the many fields of applications, photonics sensors realized in CMOS technology are expected to have a strong impact in Nuclear Medicine, and it is maybe better to introduce here this concept with a certain detail. Nuclear Medicine is dealing with the diagnosis and treatment of patients with ionizing radiation. From the diagnostic point of view computed tomography (CT) and positron emitted tomography (PET) machines are nowadays conventionally used in hospitals for the detection of cancer lesions among others [54, 55] . From the clinical point of view proton therapy is nowadays being used in various centers for a more effective cure of cancer with respect to chemotherapy.
In this chapter we provide a description of the technological challenges in the development of modern SiPM in CMOS technology. We base our discussion on two SiPM structures manufactured at the BCDLITE 180 nm GF CMOS technology node. We perform a characterization of the devices in dark and light illumination conditions, putting the results in the broader context of other structures realized in CMOS and in custom technology. Finally we provide an application of such optical sensors to Nuclear Medicine, showing how such small-sized novel photo-detectors have an impact in the technology for positron emission tomography (PET) machines in the new digital generation.
Physical principles of the SiPM
The basic component of a SiPM is a sensitive microcell. A simplified SiPM structure is shown on Figure 1 . Within a n-doped region (nwell), a heavily p-doped implantation is formed (p+), generating a p+/nwell diode. The general schematics proposed here is not applicable to any working devices, due to many technological and operational constrains. However, this simplified layout of the microcell is used here in order to describe the physical background of the device. Several examples of real implementations of such device will be shown in the next section.
The SiPM is composed of an array of such microcells. The typical microcell pitch ranges between 20 and 100 μm. In analog SiPMs the microcells have common anode and cathode as reported in Figure 2 . In digital SiPMs each microcell is read-out separately with a dedicated digital electronic processing as reported in Figure 3 .
When the microcell is reverse-biased, a depletion region is formed between the p + and the nwell implantations. The typical depth of the depletion region is approximately 800 nm from the microcell surface and the typical width is approximately 1 μm. The size and the concentration of the depletion region defines also the capacitance of a single microcell, which reaches few hundreds fF. The reverse-biased microcell exhibits an electric field with maximal strength ranging between 10 5 and 10 6 V/cm. The strength of the electric field as a function of the total charge density is governed by the Poisson Eq.
A typical feature of the SiPM as quantum detector is its bi-stability, i.e. its operation allows two stability states with a continuous transition between them. The two states correspond to the physical processes of carrier recombination and generation occurring in the p+/nwell junction in the operational condition of the SiPM.
The state I of the SiPM microcell is determined by the electron-hole recombination mechanism. Electrons are dropping from the conduction to the valence band, transferring their excess energy to other electrons, phonons or photons. The involved physical processes can be radiative and Photon Counting -Fundamentals and Applications non-radiative and are depicted in Figure 4 . In the first case a photon is emitted, in the second case the energy is transferred only to phonons or electrons. The generation of photons by radiative recombination can be spontaneous or stimulated by an additional photon. The two main nonradiative processes are Shockley-Read Hall (SRH) recombination and Auger recombination [56] . SRH involves energy levels generated by crystal defects. Such energy levels capture electrons from the conduction band as well as holes from the valence band. The excess energy is released through phonons. In Auger recombination the excess energy is transferred to other electrons within the valence and the conduction band. A main result of the recombination process is that electrons, photons and phonons are released, which can either initiate further recombination process or generate electron/hole pairs. Because of the properties of the Fermi distribution function of carriers in silicon, the process of electron-holes generation through recombination is temperature-dependent and is often called thermal generation of electron/hole pairs.
The state II of the SiPM microcell is determined by the impact ionization process [57] . The impact ionization is the reverse Auger process as the energy of motion of an electron is absorbed in order to produce new electron/hole pairs. At the strong electric field inside the SiPM microcell, both electrons and holes participate to the charge multiplication process. In this condition an infinite number of charged carriers is produced by a single electron/hole pair. In other words the avalanche induced in the state II is self-sustaining.
In normal conditions the recombination process would bring the junction back to the equilibrium of the doping concentration, in the SiPM the produced electron/hole pairs are accelerated in the strong electric field and start a multiplication chain due to impact ionization. The transition between state I and state II is as fast as 100 ps. The transition back from state II to state I requires a feedback process. A passive quenching resistor is placed in series with a microcell. The current flow through the resistor causes a voltage drop on the junction, which reduces the actual junction bias to a value lower than the breakdown voltage. After the quenching occurs, the SiPM transits back to the state I within a recovery time determined by the size of the junction capacitance and of the quenching resistor. The typical value of the quenching resistor is between 100 kΩ and 1 MΩ.
Besides the thermal process, photon detection triggers the transition between the state I and the state II. When an optical photon is detected, an electron/hole pair is generated through photoelectric effect. Such e/h pair initiates the avalanche process through impact ionization.
A typical signal corresponding to the transition between the states I and II is shown on Figure 5 . The current flowing through a single microcell is shown. At the beginning the microcell is in state I, with a low current of few picoamperes. A thermally generated pair causes the transition to the state II, which determines a fast rise of the signal with a peak at 30 μA, where the quenching time is reached. After that, within an exponential decay time governed by the quenching resistor and the intrinsic capacitance of the junction, the current reaches again the state I. The signal corresponding to a value of the quenching resistor 250 and 300 kOhm is reported. We observe that the only effect introduced by the change of quenching resistor consists of a larger decay time, being the total charge under the pulse constant. The total charge contained in the signal is corresponding to approximately 1.5 Â 10 6 electrons. Thus from a single electron/hole pair produced in the sensitive area of the device, a signal corresponding to this large number of electrons is produced.
The SiPM is hence a device which is sensitive to the energy deposited by a single visible photon and is able to produce a sizeable signal in correspondence to such energy. The signal is produced through a combination of quantum effects and a transition from the two stability states within a time of few tens picoseconds. Due to the ability detection of a single quantum of light and to the quantum working principle of the device itself, the SiPM is called sometimes "quantum detector".
SiPM in CMOS: challenges and limitations
The development of SiPM in the CMOS framework faces non-trivial issues. As we described in the previous section, SiPM is based on p+/n or n+/p junction structures working in two states defined by recombination and generation processes. Although the structure proposed in the previous section has a strong physical meaning, its realistic manufacturing in existing technology encounters several difficulties.
The most relevant problem in the integration of such structures within CMOS technology is that they can suffer of localized breakdown conditions on the locally concentrated high electric field at the junction edges. The use of guard ring structures around the sensitive area of each microcell is in this respect mandatory in order to obtain a uniform electric field across the whole sensitive area. Although CMOS compatible technology offers some possibility of implementing such guard rings [58] [59] [60] [61] , it is normally needed to add specific masks in order to allow the overlap between highly-doped and low-doped regions and to correct the doping profiles.
A second problem in the development of SiPM quantum devices within standard CMOS technology is the difficulty to control the thermal e/h pairs generating the dark noise of the 1optical detector. The thermal e/h production rate depends on the concentration of the n-or pwell and on the impurities introduced in the production stage. There is a current trend to design APIX sensors within modern deep-sub-micron CMOS processes, below the 180 nm scale. In this case the increased concentration of the wells, needed to enable the reduced design rules, causes a lowering of the breakdown voltage down to approximately 10 V, with a significant increase of thermally generated e/h pairs due to band-to-band tunneling effect. Moreover, as we depicted in the previous section, defects, contributing to the thermally generated e/h pairs through SRH recombination, are of larger number in such modern CMOS technologies, due to lower annealing temperatures and to the presence of the shallow trench isolations (STI) close to the sensitive region of the optic detector.
A third challenge of the development of SiPM quantum detectors into standard CMOS is the correct design of the optical coupling, needed to optimize the photon detection efficiency at a visible wavelength. The production lines of standard commercial CMOS fabs are mainly oriented to large-scale market applications, as standard electronics components for automotive and energy industry among others. Although the optical communication industry plays a fundamental role in the actual panorama, it uses high power standard light sources, which are affected by low power losses and have different needs in comparison to weak visible light. Low photon flux sensors in the optical range occupy clearly a smaller market section and most of the standard CMOS technology fabs do not provide the necessary anti reflective coating (ARC). The most severe limitation of CMOS processes for the design of the SiPM is that a series of design rules needs to be verified. In CMOS technology there is an enclosure hierarchy between active area, p + implantation and nwell. A minimal distance between p + implantation and pwell should be also preserved as well as between active area and polysilicon resistance elements. As an example at a scale λ = 180 nm CMOS the minimal distance between pwell implantations is approximately 2 λ and the enclosure of p + implantation and active area is approximately 1 λ. It is often happening that one is forced to violate some of these rules in order to produce a Silicon Photomultiplier device.
Several studies were performed at a CMOS scale ranging between 90 and 800 nm . A possible implementation solution consists of designing diffusive guard rings, as shown on Figure 6 . As an example such layout was developed using the Teledyne DALSA 800 nm HV and the BCDLITE GLOBALFOUNDRIES 180 nm CMOS processes [18, 55] . Such layout is based on an inverted enclosure of the p + and nwell implantations, so that the high electric field zones at the edges of the diode are corrected with the geometrical distribution of the carriers. In this case only the CMOS enclosure rule is violated. Another possibility is offered by the implementation of diffusive lowly doped p guard rings around the p + implantation, as depicted in Figure 7 . Such layout was developed using the Teledyne DALSA 800 nm HV, 350 nm HV AMS and Chartered GLOBALFOUNDRIES 130 nm/Tezzaron CMOS technology [18, 37, 41] . In this case the lowly doped region is smoothing the electric field at the edges of the junction. 
Photon Counting -Fundamentals and Applications
One way to prevent the violation of design rules is to include additional masks in the CMOS process, i.e. implementing new design rules accommodating the needs of the sensor, without a perturbation of the transistor development. As an example in [15, 17] an additional mask is implemented in order to produce the p-diffusive guard ring. Another way consists of finding innovative approaches for controlling the properties of the diode edge. In [28, 29] a layout is proposed with perimeter-gated guard rings. In this case a p+/nwell diode is surrounded by a gate. A gate bias ranging from 0 to 8 V is applied to the structure in order to shape the electric field at the edges of the diode and avoid localized breakdown.
Following these design ideas and suggestions, we present here two possible design solutions obtained at the BCDLITE LV GLOBALFOUNDRIES 180 nm CMOS node. Structure I on Figure 8 is based on an n-epitaxial layer on which the SiPM sensor is formed. The microcell consists of a 50 Â 50μm n+/pwell junction. GF does not share the exact doping of the wells with the customers. A virtual guard ring p+/nepi is formed on the periphery of the sensitive avalanche area. As a difference from [55] , a polysilicon ring is placed around the p+ implantation in order to prevent the formation of STI close to the sensitive area. Structure II on Figure 9 isbasedonann-epitaxiallayer on which the SiPM sensor is formed. The microcell consists of a 50 Â 50 μm n+/pwell junction. STI is used around the sensitive area as guard rings. The aim of the study of these two structures is to verify up to which amount STI are deteriorating the performances of the SiPM.
Two series of measurements have been carried out for the SiPM sensor prototypes proposed in this chapter: a static and a dynamic characterization. In this section we show only the characterization in dark condition and we postpone the characterization of the light response to the next section. The benchmarking of the experimental results needs to follow a twofold approach. On the one side it is needed to benchmark against the mature available SiPMs, which are not always developed in standard CMOS technology but in dedicated lines with additional optimized masks. On the other side it is needed to benchmark against the abovementioned experimental results, which are based on other CMOS processes. This second comparison allows us to understand how the chosen CMOS technology process performs with respect to other available ones.
The measurement of the current-voltage characteristic is performed on the single microcell test structure at wafer level. A Keithley 2636A source meter, connected to a computer, obtains measurements of current in reverse mode. This experiment is achieved by generating a sweep voltage between 0 and 25 V, then measuring the current and limiting it to 20 uA in order to avoid damaging the device.
The current-voltage curve of the first structure in reverse mode is shown on Figure 10 . The structure exhibits a dark current below a few picoamperes before avalanche breakdown. At breakdown the current rises abruptly up to a few microamperes. After breakdown it gets limited by the quenching resistor and rises linearly. The breakdown voltage is approximately 13.2 V. On the plot few curves corresponding to measurements performed on chips obtained in different wafers are shown.
The current-voltage curve of the second structure in reverse mode is shown in Figure 11 . The structure exhibits a dark current below a few picoamperes before avalanche breakdown.
At breakdown the current rises up to a few microamperes. After breakdown it gets limited by the quenching resistor and rises linearly. The breakdown voltage is approximately 12.4 V. In comparison with the previous structure we notice here an additional noise source, which affects the result. Such noise source is due to the leakage at the sides of the STI. On the plot few curves corresponding to measurements performed on chips obtained in different wafers are shown. Figure 11 . Current-voltage characteristics of structure II. Figure 10 . Current-voltage characteristics of structure I.
The additional noise introduced by the STI has an impact also on the dynamic performance in dark conditions. The dynamic characterization consists of detecting the transition signal from the state I to the state II, which is normally called dark pulse. The verification of this signal and the measurement of its occurrence rate give an impression of the purity of the device. In fact, as the measurement is done in dark conditions and on a single microcell, the quality of the signal and its rate are directly proportional to the amount of impurities present in the device, which are triggering the thermal emission of electron/hole pairs trough SRH mechanism.. We measure the dark count rate by counting the number of avalanche signals produced in the SiPM sensor operated 2 V above breakdown. The dark rate is measured at room temperature and in dark conditions. The voltage amplitude of the signal of the SiPM is measured on a 50 Ohm load resistor. The output voltage is connected to a fast amplifier based on a two-stage voltage amplifier obtained with the Gali 5+ wide-band monolithic chip [62] . The total amplification gain is adjusted to 10 with a voltage divider between the two amplification stages. The signal is sent to a threshold discriminator (CAEN N844). The number of pulses above threshold are registered within a 1 s observation time window.
The signals observed at the oscilloscope within a 1 μs time window are shown on Figures 12  and 13 . We observe that the structure I presents a clear signal corresponding to the production of a thermal electron/hole pair. The signal has a typical rise time of few hundred picoseconds and a decay time of 67 ns. The timing property is consistent with a quenching resistor of 250 kOhm and a capacitance of approximately 300 fF. Structure II shows a similar timing property. However dark pulses are occurring with higher frequency. This effect is due to the additional leakage coming from the STI walls. The dark rate measured at a overvoltage of 1.5 V at an amplitude of 0.5 dark pulse is respectively 20 Â 10 6 and 160 Â 10 6 and 80 Â 10 6 kHz/mm 2 for the two structures. These measurements are well in agreement with the expectation from similar studies. Breakdown voltages ranging from 10 to 14 V are usually obtained at a scale lower than 180 nm. This value depends on the doping of the standard CMOS wells, which ranges from 2 Â 10 17 to 5 Â 10 17 . In comparison with custom technology the dark rate is few order of magnitudes higher. This is also a common feature of standard CMOS technology. Dark rate up to 100 Â 10 5 kHz/mm 2 was observed at 800 nm CMOS node [20] . The typical dark rate of 20-30 Â 10 3 kHz/mm 2 was observed at 180 nm CMOS node [55] . The results of the second structure show that the presence of the STI deteriorates the dark rate up to a factor 8 and confirms previous experiments . These performances are worse that the state of the art SiPMs developed with custom technology, which obtain dark count rates as low as 30 kHz/mm 2 and show that current CMOS technology needs improvements in order to fully accommodate the needs of SiPM sensor development [15, 17] .
The light response of the SiPM
The response of the SiPM to light was studied only for a small prototype based on Structure I. The prototype consists on a n array of 5 Â 5 microcells. A low photon flux source is characterized by a Poisson-distributed number of photons with a certain average value depending on the absolute intensity of the source and on the photon detection efficiency of the SiPM. The binomial contribution due to the not perfect photon detection efficiency is not perturbate the Poissonian nature of the detected photon distribution.
A precise test set up was prepared for the experimental study. Its key-component is a fast LED with wavelength 550 nm. The light source is pulsed with a pulse width of 10 ns. The time duration is chosen to be approximately ten times less than the recovery time of the SiPM. In order to exclude the electromagnetic pick up noise, the light pulses are delivered to the operation position in the light protected area by an optic fiber. The value of the low photon flux is controlled both electronically and by tuning its relative position with respect to the sensor. The alignment can be obtained with a precision of 0.1 mm. Comparing the yeld of the Photon Counting -Fundamentals and Applications developed SiPM with the yield of a commercially available SiPM with given characteristics we estimated that the photon detection efficiency of the developed SiPM is approximately 4%. Such small value is expected, due to the isolation layers present on the active area of the device and the absence of an optical coupling window.
The SiPM output signal is amplified with a high quality current-voltage amplifier with gain 15. Its charge is measured within an integration gate of 100 ns using the CAEN V1180 QDC in the VME Frame and stored in the control computer. Figure 14 shows the experimental measured single photon spectrum. The black dots show clearly the specific form of the single photon spectrum. It consists of high resolved peaks correspondent to the number of photons distributed according to the Poisson statistics. Following the operation principle of the SiPM, every avalanche pixel detects one photon and gives as output the standard signal correspondent to a single photon. The common output of the SiPM is the analog sum of the signals from each avalanche pixel. In this condition, the first peak corresponds to 0 detected photons (electronic noise pedestal), the second one corresponds to 1 detected photon, the (n + 1) th one to n detected photons.
The number of peaks contains the information about the number of detected photons. The separation between two successive peaks has a constant magnitude and corresponds to the total number of electrons produced in the avalanches process. The area under each peak reflects the Poisson statistics of the photon detection in the SiPM structure.
The parameters of the expected Poisson distribution in the measured spectrum are estimated with a fit of the pedestal peak using the formula:
where N is the total number of events and N 0 is the number of events under the pedestal peak. We find that μ ¼ 4 corresponds to the spectrum. As reported in the previous section, the SiPM sensor considered here exhibits a sizeable dark rate. We observe a deviation between theory and experimental data. In particular we report an excess of events at values higher than 2 detected photons. This shift in the observed distribution is due to dark rate and cross talk, which are particularly high in the produced SiPM sensor.
Application of SiPM to digital positron emission tomography
One of the most promising area of the application of the SiPM is nuclear medicine. Its small size, low bias voltage, simple read-out circuitry and fast response of the state I-II transition are opening the way of the development of a new concept of nuclear medicine diagnostic systems. Positron Emission Tomography (PET) is a functional nuclear medicine technique. A tracer is prepared marking specific ligands with beta + emitting isotopes. When ligands interact through the target molecular process, they are locally metabolized. The positrons emitted by the ligands annihilate with electrons within a mean free path of approximately 0.5 mm and as a result two photons with 511 keV are emitted in opposite direction. Through the measurement of the photon directions it is possible to reconstruct the emission point and to have a detailed map of the activity of the ligands in the body.
A key-problem in PET is the technology used for the detection of the opposite photons and the reconstruction of their direction and energy. The basic block of modern PET is a detection system composed of a scintillator crystal read-out by a SiPM. When a 511 keV photon deposits its energy in the crystal though photoelectric effect, scintillation light is produced and is detected by a SiPM. Due to the small size of the SiPM it is possible to design detector models which are more and more compact.
The LYSO/SiPM unit developed by the PETLab at the Huazhong University of Science and Technology consists of a 3.9 Â 3.9 Â 20 mm LySO crystal read out by a 3.0 Â 3.0 mm SiPM by SensL (FM30035). A PET block is composed of an array of 6 Â 6 LySO/SiPM elements, with pitch 4.2 mm and with 0.3 mm crystal gaps filled in with barium sulfate to guarantee the crystal optical coupling. LySO crystal and SiPM are aligned and coupled using epoxy optical adhesive [63, 64] .
On the basis of this pixelated block, a digital PET unit was developed. The key-component is here a digital electronic chain based on the Multi Voltage Threshold method. The basic idea of this new concept is that the digitalization of the signal produced when reading out the scintillation light from the crystal does not need a very high sampling. It is enough to sample 8 points corresponding to 4 thresholds. A double exponential fit to the signal shape through the interpolation of the sampled levels is enough to reconstruct the total integral of the signal, proportional to the number of detected scintillation photons and hence to the energy of the impinging gamma-ray, and the arrival time of the signal.
This novel digital PET system exhibited energy resolution between 10 and 15%, time resolution of less than 200 ps, space resolution of approximately 1-2 mm. In particular it enabled a new concept of Positron Emission Tomography: the Plug&Imaging (P&I) technique. FPGA-only implementation allows one to achieve a high channel density with greatly simplified electronics. A complete software package for data acquisition, coincidence detection and image reconstruction (allowing a flexible overall geometry of the PET imager) has also been developed to support the P&I feature and is shown on Figures 15 and 16 . Such compact PET module can be in fact combined with other modules in different shapes and geometries, allowing a better match with the specific organs to be studied.
On the basis of this technology a full body digital PET scanner and a small animal PET scanner were successfully developed. However the modularity of the PET blocks allows a fast design of less standard approaches.
As an example of an easy combination of the P&I elements, Positron Emission Tomography may be used in the correct determination of proton range in Proton Therapy. Protons interact with human tissue mainly with ionization, releasing their energy in the typical Bragg peak mechanism. However, nuclear interactions of protons with O, C and N present in human tissues may have as results the production of neutrons associated with beta + emitters as 15 O and 11 C11. PET systems will be dedicated to the reconstruction of the position of such nuclear interaction. A comparison with Monte Carlo allows reconstructing the position of the Bragg peak from the space distribution of the nuclear interactions in the patient's body. . The positron annihilates into two gamma rays, generates then the PET signal. The design of the proton therapy monitoring system is particularly suited to the cure of brain cancer.
However the P&I detection system based on the SiPM allows even more possibilities of dedicated PET scanners, as PET helmets for brain imaging. The technological challenges imposed by the development of this new kind of modular digital PET detection systems, together with the improvements in the medical diagnostic, such as the development of new ligands for the early detection of Alzheimer disease, will impose new benchmarks and new trends in modern Positron Emission Tomography and nuclear medicine.
One technological problem remains. The SiPM used in such new instrumentation for Nuclear Medicine are still obtained with custom technology. On the one hand, as we observed in the previous sections, the performances of mature custom technology is clearly better than the one achieved in standard CMOS. Nowadays also the price of mature technology is more attractive for PET producers. However, the possibility of the implementation of MVT digital electronics and SiPM sensor in a single chip offered by the CMOS implementation will significantly impact the compactness of the PET block realization, with a consequent miniaturization of the system and the possibility of even better performances of the P&I method in terms of scalability, modularity and system space resolution.
Conclusions
The development of Silicon Photomultipliers within standard CMOS technology reveals a clear multi-disciplinary interest and matches the requirement that nowadays are coming also from the clinician's community. Digital electronics and digital information is in fact driving a change in the predictivity of diseases and the development of key-digital-technologies, as advanced CMOS SiPMs, will be fundamental in order to develop accurate instrumentation CMOS SiPMs still have space of improvement, which needs to be addressed. First the localized breakdown typical of SiPM structures could be corrected. However we found that only the SiPM structure with Shallow Trench Isolation placed far from the sensitive detector region exhibits a proper signal in correspondence to the production of an e/h pair, the other devices being dominated by additional noise sources due to impurities dislocation on the border of the edges of the STI.
Even in this case the minimal achieved dark rate is approximately 10 MHz/mm 2 . This level is above the reached state of the art of current SiPM detectors produced in CMOS compatible processes with additional masks in the sensor region and suggests that the higher concentration of standard 180 nm CMOS processes is a limitation in the performances of the detector.
The photon detection efficiency obtainable in standard CMOS foundries is also very low. However, we observe that, although the standard 180 nm CMOS processes used to manufacture the APIX prototype does not allow us for an optimization of the optical window with a proper ARC technique, the manufactured structure I exhibits an excellent single photon spectrum, which is corresponding to a very good approximation to the Poisson statistics of the quantum state of detected photons.
These results shows that, although some improvements are needed with respect to concentration and STI technique, the standard CMOS technology is getting mature for a perspective, easy accessible, cost reductive SiPM optical detectors R&D. This topic is so sensitive, that standard CMOS facilities are currently introducing new specific processes for APIX-like optical detectors with improved performance, allowing us for further steps consisting of the optimization of the technological parameters as well as of the optical performances, including ARC processes for improved photon detection efficiency.
